Both high and low maternal dietary intakes adversely affect fetal nutrient supply in adolescent sheep pregnancies. Aims were: (a) to assess the impact of prenatal nutrition on pregnancy outcome, offspring growth and offspring glucose metabolism and (b) to determine whether the offspring metabolic phenotype could then be altered by modifying postnatal nutrition. Dams carrying a single fetus were offered either an optimal control (C) intake to maintain adiposity throughout pregnancy, undernourished to maintain weight at conception but deplete maternal reserves (UN), or overnourished to promote rapid maternal growth and adiposity (ON). Placental weight and gestation length were reduced in ON dams and lamb birth weights were C . UN . ON (P,0·001). All offspring were fed ad libitum from weaning to 6 months of age. ON offspring exhibited rapid catch-up growth and had increased fasting glucose and relative glucose intolerance compared with C offspring (P,0·05). Irrespective of prenatal diet and sex, birth weight correlated negatively with these indices of glucose metabolism. From 7 to 12 months offspring either had continued ad libitum diet (ADLIB; to induce an obesogenic state) or a decreased ration appropriate for normal growth (NORM). At 12 months, the negative relationship between birth weight and indices of glucose metabolism persisted in ADLIB females (for example, fasting glucose, r 20·632; P,0·03) but was absent in NORM females and in both male groups. Therefore, low-birth-weight offspring from differentially achieved prenatal malnutrition exhibit an early adverse metabolic phenotype, and this can apparently be ameliorated by postnatal nutrition in females but not in males.
Human epidemiological studies have linked presumed fetal malnutrition leading to low birth weight with the subsequent development of the metabolic syndrome and CVD in later life (1 -3) . Compelling evidence that a poor maternal diet during pregnancy is the root cause comes from studies of adults whose mothers were pregnant during the Dutch famine at the end of the Second World War. Male and female offspring of women exposed to famine during mid and late pregnancy had lower birth weights and reduced glucose tolerance at age 50 years whilst exposure during early pregnancy was associated with increased risk of CHD and an atherogenic lipid profile in both sexes, and increased central obesity in females (4 -7) . A number of large animal models have investigated the relationships between maternal nutrition, birth weight and the emergence of the risk factors associated with the metabolic syndrome (i.e. impaired glucose homeostasis, hypertension, central obesity, dyslipidaemia and elevated inflammatory indices) with the primary focus being the impact of maternal undernutrition. The sheep is the species of choice for these studies because of similarities with man in respect of maternal size and adiposity, and fetal size, organ development, physiology and maturity at birth (8, 9) . Thus, low maternal adiposity at conception (10) and maternal nutrient restriction during the periconception (11) , early to mid pregnancy (12) and late pregnancy periods (13) have all been associated with impaired glucose tolerance in young adult life (assessed between 8 and 16 months). However, birth weight was not perturbed in any of these studies and while the programming of postnatal metabolic function without significant changes in size at birth is of interest, it does not mirror the human epidemiological relationships referenced above and now established for populations around the globe. Thus the primary aim of the present study was to examine glucose tolerance in male and female lambs whose prenatal growth trajectories have been impaired by contrasting maternal dietary intake levels during pregnancy, leading ultimately to low birth weight.
Two contrasting models of nutritionally mediated prenatal growth restriction were utilised. Both employed assisted conception procedures to limit pregnancies to a single fetus and to maximise offspring genetic homogeneity. These models variously reproduce the adverse pregnancy outcomes associated with young human adolescent pregnancies but additionally have wider relevance to human intra-uterine growth restriction independent of maternal age (14, 15) . In the overnourished adolescent sheep model, rapid maternal growth and adiposity are promoted at the expense of conceptus nutrient requirements and major reductions in placental mass, uteroplacental blood flows, and hence fetal nutrient supply, are evident by the final third of gestation (16, 17) . In late pregnancy relative to normally growing controls, the fetuses from overnourished dams are asymmetrically growth restricted, hypoxic, hypoglycaemic and hypoinsulinaemic (17, 18) but have higher body weight-specific perirenal fat mass and carcass fat content (19) and normal body weight-specific metabolic responses to short-term increases in insulin and/or glucose (20) . Spontaneous delivery occurs on average 3 d early and lambs are typically 30 % lighter at birth. Thus the offspring of overnourished dams are classified as growth-restricted primarily due to small placental size, with a characteristic fat phenotype at birth. By contrast, in the undernourished model, adolescent ewes are fed sufficient food only to maintain maternal body weight at conception levels. This prevents further maternal body growth during pregnancy and progressively depletes maternal body reserves relative to controls. Nutrient availability in the maternal circulation is decreased and there is a modest but significant slowing of fetal soft tissue growth from mid to late pregnancy, which, in contrast to the overnourished adolescent paradigm, is independent of placental growth (21, 22) . By late pregnancy the fetuses of these undernourished dams are also mildly hypoglycaemic and have lower body weight-specific perirenal fat mass commensurate with a thin phenotype at birth.
Postnatal growth patterns also potentially influence metabolic health, and studies in human subjects (23 -26) , rodents (27, 28) sheep (29) and pigs (30, 31) demonstrate that major prenatal growth restriction followed by birth into an adequate or nutrient-rich environment results in rapid catch-up growth and adverse metabolic phenotypes (for example, impaired glucose tolerance, insulin resistance, hypertension and/or obesity) in later life. In the majority of these studies the impact of low birth weight v. rapid catch-up growth has not been assessed separately and, where they have, few independent effects of the early postnatal growth pattern have been established (29, 32) .
Nevertheless directly limiting nutrient exposure during the immediate postnatal period to prevent catch-up growth prevents the development of glucose intolerance and obesity in a mouse model of low birth weight-associated diabetes, suggesting that prenatal metabolic adaptations to a poor nutrient supply are not permanent (33) . Thus the secondary aim of the present study was to determine whether the predicted relationship between size at birth and glucose intolerance in lambs with ad libitum postnatal access to a nutrient-dense diet could be ameliorated by imposing a period of relative nutrient restriction between adolescent and young adult life.
Thus the purpose herein was to assess the impact of wide variations in maternal dietary intake during gestation on pregnancy outcome, offspring growth and offspring glucose metabolism and to determine whether the offspring metabolic phenotype could then be altered by modifying postnatal nutrition.
Materials and methods

Establishment of pregnancy
All procedures were licensed under the UK Animals (Scientific Procedures) Act of 1986 and approved by the Rowett Institute of Nutrition and Health's Ethical Review Committee.
Embryos from superovulated adult ewes (Border Leicester £ Scottish Blackface), inseminated by a single sire, were recovered on day 4 after oestrus and transferred synchronously in singleton into the uterus of recipient ewe lambs (Dorset Horn £ Greyface), as described previously (34) . This approach removes the potentially confounding influence of partial embryo loss and variation in fetal number and maximises the homogeneity of the resulting fetuses. Donor ewes were multiparous, between 3 and 4 years of age, had a body weight of 72 (SEM 1·4) kg and an adiposity score of 2·5 (SEM 0·05) units (based on a five-point scale, where 1 ¼ emaciated and 5 ¼ morbidly obese; Russel et al. (35) ). Embryo transfers were carried out on six separate days during the mid-breeding season. Recipient ewes (n 74) were peripubertal (about 8 months of age) and had a mean live weight of 46·4 (SEM 0·27) kg and adiposity score of 2·3 (SEM 0·01) units at the time of embryo transfer. All recipients were housed in individual pens under natural lighting conditions throughout pregnancy and lactation.
Experimental design
Maternal dietary treatments during pregnancy. On the day of embryo transfer, recipients were evenly allocated to one of three nutritional treatment groups (control, overnourished and undernourished) on the basis of weight, adiposity and ovulation rate at the time of embryo transfer. Care was also taken to randomise for embryo donor within each embryo transfer day. Following a 3 d post-surgery re-alimentation period, these groups were offered varying levels of the same complete diet from day 7 post-ovulation (equivalent to day 7 of pregnancy). This diet supplied 12 MJ metabolisable energy and 140 g crude protein per kg and was offered in two equal feedings at 08.00 and 16.00 hours daily (see Wallace et al. (36) , for full details of the diet composition and analyses). The dietary level offered in the control group (C) was calculated to maintain normal maternal adiposity throughout gestation (i.e. no change from initial starting adiposity) and hence meet the estimated metabolisable energy requirements for optimum conceptus growth and pregnancy outcome in this genotype. To achieve this objective, group C was fed to promote a modest maternal weight gain target of about 50 g per d during the first two-thirds of gestation, followed by stepwise increases in maternal intake during the final third of gestation, calculated to meet the increasing demands of the developing fetus. The high dietary level offered in the overnourished group (ON) was designed to promote rapid gestational weight gain and increasing maternal adiposity throughout gestation. The level of feed offered was increased gradually over a 2-week period until the level of the daily feed refusal was about 15 % of the total offered (equivalent to ad libitum intakes). In the undernourished group (UN), the dietary level was designed to maintain maternal body weight at conception values but was nonetheless predicted to deplete maternal tissue reserves throughout gestation. In practical terms we have previously established that this is approximately 0·75 £ control group intakes during the first two-thirds of gestation (21) with no further stepwise increase in intake during the final third of gestation. Individual adiposity scores in undernourished dams were not allowed to fall below 1·5 score units to comply with the terms of the authorising project license approved by the UK Home Office. Throughout pregnancy individual levels of feed offered were reviewed three times weekly and adjusted as required on the basis of daily feed refusal rates and approximately twice weekly body-weight-change data and fortnightly assessment of adiposity score. Pregnancy and parturition management and measurements. Conception rate was determined by transabdominal ultrasonography at day 45 of gestation (gestation length ¼ 145 d). Pregnancy outcome was determined after spontaneous delivery at term. All ewes were supervised throughout the delivery period. Lambs were dried and weighed after delivery. Lamb girth at the umbilicus was measured and the sex recorded. Lamb height at the shoulder was measured at about 12 h after birth. Ewe colostrum yield was measured before lamb suckling and within 30 min of parturition. After intravenous injection of oxytocin (10 i.u. per ewe; Oxytocin-S w ; Intervet Ltd, Cambridge, Cambs, UK), ewes were milked by hand until all the colostrum had been removed from the udder. The colostrum was weighed, sampled for IgG and nutrient composition analyses carried out as described previously (36) and then fed to the ewe's own lamb by bottle at a rate of 50 ml/kg body weight. In cases where the dam had insufficient colostrum, frozen ewe colostrum (matched for gestational intake group) was substituted to ensure lamb survival. Lambs were weighed at 4 hourly intervals throughout the first 72 h of life. Any lamb that failed to suckle or gain in weight over an 8 h period was offered supplementary colostrum (first 24 h) or ewe milk until the ewe -lamb bond and appropriate lactation was established (by 72 h after birth in all cases). The frequency of these supplementary feeds per lamb was recorded. After the placenta (fetal cotyledons and membranes) was delivered, it was weighed and cotyledons dissected, counted and weighed. At the end of the early neonatal period (i.e. 72 h after birth), fifty-three viable offspring were available for further study (representing about 72 % survival of the transferred embryos in each group), with sixteen (eight male and eight female), sixteen (ten male and six female) and twenty-one (eleven male and ten female) lambs from the C, ON and UN groups, respectively. Lactation management and measurements. Following parturition all ewes were offered the complete diet to appetite to maximise milk availability. For the previously UN and C dams this was achieved stepwise over a period of approximately 10 d. Lamb offspring had access to their mothers' feed during lactation and were weaned at 11 weeks of age.
Post-weaning nutritional management of offspring. Thereafter all offspring remained in the individual pens in which they were born and were fed the same complete diet as described above ad libitum until a glucose tolerance test was carried out at 6 months of age (see below). Then offspring of each sex were allocated evenly as far as possible into two groups based on maternal diet prenatally, birth weight and fractional growth rate (FGR) to 6 months of age. Subsequently, between 7 and 12 months of age, one group continued to receive the complete diet ad libitum to promote an enhanced obesogenic state (ADLIB), while the second group received a normal or control ration calculated to promote a slow growth rate and normal adiposity for age/stage of maturity (NORM). The glucose tolerance test was then repeated at 12 months of age. Offspring were weighed weekly throughout lactation and both weight and external adiposity score were assessed regularly thereafter. All offspring remained gonad intact throughout.
Offspring blood sampling, metabolic challenges and biochemical analyses. Offspring were blood sampled at birth, days 1, 3 and 7 and weekly thereafter throughout the 11-week lactation to determine plasma lipid profile. At 6 and 12 months of age a glucose tolerance test was performed to determine glucose handling. On the day before these metabolic tests offspring were fed as normal in the morning and then offered a standard ration equivalent to about 25 % of average daily intake for the preceding week at 15.00 hours. Any residual food was removed 1 h later and offspring were fasted until the challenge had been completed the following afternoon. Offspring had free access to water throughout. Two temporary jugular catheters (one for infusion and one for sampling) were inserted at 07.00 hours the following morning. At 3 h later basal glucose and insulin concentrations were determined in three fasting blood samples (2 30, 2 15 and 0 min). Glucose handling was assessed following intravenous glucose (0·5 g/kg body weight, infused over 2 min; TPS Medical, Glasgow, UK) at time 0. Blood samples were subsequently collected at þ 5, 10, 15, 20, 30, 45, 60, 90, 120 and 180 min into chilled heparinised tubes. Plasma was separated by centrifugation at 1000 g for 20 min and stored at 2 208C until assayed for insulin, glucose, lipids and NEFA as appropriate.
Insulin concentrations were measured in duplicate (after appropriate dilution with assay buffer where required) by RIA as described previously (37) . The limit of detection was 0·15 mg insulin/ml and the inter-and intra-assay CV were 7·2 and 4·5 %. Plasma lipid and NEFA concentrations were determined using an automated clinical analyser (KONE) using kits supplied by the manufacturer (Labmedics, Manchester, UK); variation between duplicates was , 5 % in all cases. Plasma glucose concentrations were measured in duplicate with a dual biochemistry analyser (model 2700; Yellow Springs Instruments; Yellow Springs, OH, USA). The instrument was calibrated with known standards after every fourth determination and variation between duplicates was , 2 %.
Data analyses. Data are presented as mean values with their standard errors and all statistical comparisons were made using Minitab (version 15; Minitab Inc., State College, PA, USA). Maternal gestational weight and adiposity changes and pregnancy outcome parameters (i.e. gestation length, placental weight, lamb birth weight, colostrum yield and composition) in relation to prenatal nutritional treatment were analysed by one-way ANOVA and then calculation of the least significant difference between individual parameter treatment means. A similar approach was used to analyse offspring lipid profiles to weaning as no sex effects were detected (see below). Offspring growth and metabolic responses at 6 months of age were analysed using the general linear model (GLM) to determine the effects of prenatal diet and sex and their interaction. Where significant effects were detected, individual combinations were subsequently compared by Tukey's method with confidence limits set at 5 %. Following the postnatal dietary manipulation between 7 and 12 months, changes in offspring weight and adiposity, and metabolic responses at 12 months of age were similarly analysed using the GLM to determine the effects of prenatal diet, postnatal diet, sex and their various interactions. With one exception (see Table 7 ) no significant effects of prenatal diet persisted to 12 months so only postnatal diet and sex effects are presented (see Table 6 ). Correlation coefficient analysis was by Pearson's product moment test where appropriate.
For the glucose tolerance test (GTT), the area under the glucose, insulin and NEFA response curves (area under the curve; AUC) was calculated (integrated plasma concentrations following glucose administration (5 to 180 min) above the mean pre-GTT (2 30 to 0 min) concentrations).
Results
Pregnancy and parturition
Maternal weight gain and adiposity changes in relation to pregnancy outcome. The serial changes in maternal weight and adiposity in response to the contrasting dietary intakes are shown in Fig. 1 and the overall changes in maternal anthropometry in relation to key pregnancy outcome parameters are detailed in Table 1 . Initial adiposity was maintained in optimally nourished C dams throughout gestation as per study design. In contrast, overfeeding to promote rapid gains in weight and adiposity throughout pregnancy was associated with a marked reduction in gestation length, placental growth, lamb birth weight and height relative to both C and UN groups. Lamb girth in offspring of ON dams was reduced relative to the C group only. UN adolescent dams prevented further maternal body weight gain (as detailed in Fig. 1 and confirmed by weighing the dams 24 h after parturition, Table 1 ) and depleted maternal adiposity during the second two-thirds of gestation as per the study design. This did not make an impact on gestation length or placental weight at term but did result in low birth weight compared with C (P,0·01), but which was not as low as the ON group (P, 0·001). These differences in birth weight between groups remained significant when the individual birth weights were adjusted to a standard gestation length of 147 d.
Colostrum yield, IgG content and nutrient composition. Mean colostrum yield immediately after parturition was significantly suppressed in both ON and UN groups relative to the optimally nourished C group (Table 2) . Colostrum production therefore failed to meet the initial minimum requirement of 50 ml/kg birth weight for two of sixteen, nine of sixteen and six of twenty-one neonates in the C, ON and UN groups, respectively, and thus significantly more lambs (P, 0·05) born to ON mothers would not have survived without supplementation. Colostrum from both ON and UN dams had a higher IgG concentration but when adjusted for yield the total IgG available at parturition was lower (P,0·01) in the ON group only relative to the C group. With respect to nutrient composition, total lactose and total crude protein were reduced (P, 0·005 or less) in both the ON and UN groups relative to the controls. Colostrum fat concentration was highest in the UN group but when adjusted for yield, total colostrum fat was C . UN . ON groups. Similarly, the total energy content of the colostrum available at parturition in the C group was approximately three-fold higher than in the ON group (P,0·001) and two-fold higher than in the UN group (P, 0·005). There was no difference between the groups in the number of lambs (about 10 %) requiring additional supplementary colostrum or milk during the first 72 h of life or on the frequency of such feeds (data not shown).
Offspring data
Offspring lipid status to weaning and at 6 months of age. Plasma lipid profile at birth and averaged over the 11-week suckling period is detailed in Table 3 . At birth, offspring born to ON dams had elevated plasma cholesterol and LDL concentrations relative to both the C and UN groups. During the suckling period, cholesterol was lowest in the UN offspring, while LDL-cholesterol was ON . C . UN offspring. Plasma concentrations of HDL and TAG were independent of maternal prenatal diet throughout. TAG concentrations and weight at birth were positively correlated in offspring of C (r 0·710; n 16; P,0·002) and UN (r 0·592; n 21; P,0·005) but not ON dams (P.0·1). At 6 months of age the lipid profile measured in the fasting blood samples collected before metabolic challenge was independent of prenatal diet (data not shown).
Offspring growth rates and adiposity to 6 months of age. Daily live-weight gain from birth to weaning was independent of maternal prenatal diet and sex (data not shown). Thereafter, irrespective of prenatal diet, males grew faster than females and consequently were heavier at 6 months of age (Table 4 ; P,0·01). Absolute weight gain from birth to 6 months was independent of prenatal diet. However, when changes in absolute live weight (measured weekly) are expressed in terms of FGR (absolute weight relative to birth weight; Fig. 2 ) it is clear that FGR was increased in both male and female offspring of previously ON dams relative to both the UN and C groups throughout the first 6 months of postnatal life. This compensatory growth was slightly more pronounced during the birth to weaning period (see Fig. 2 ) and the differential in FGR between the ON compared with the UN and C groups was greater in male than in female offspring throughout the first 6 months of postnatal life. Irrespective of prenatal diet there was a strong negative association between birth weight and FGR to 6 months of age in both male (r 2 0·850; n 29; P, 0·001) and female (r 2 0·889; n 24; P, 0·001) offspring. External adiposity score at 6 months of age was independent of prenatal diet and sex (2·5 (SEM 0·03), 2·3 (SEM 0·05) and 2·4 (SEM 0·04) units in males and 2·4 (SEM 0·04), 2·3 (SEM 0·04) and 2·3 (SEM 0·04) units in females in the C, ON and UN groups, respectively).
Offspring glucose handling at 6 months of age. Maternal prenatal diet influenced baseline fasting glucose before metabolic challenge at 6 months of age (Table 5) , with post hoc tests revealing higher concentrations in offspring from ON dams relative to controls (P,0·05). In contrast, fasting insulin, NEFA and fasting insulin:glucose were unaffected by prenatal diet. Intravenous administration of glucose induced a significant rise in plasma glucose followed immediately by a rise in insulin (Fig. 3) . NEFA concentrations, an index of fat metabolism, began to fall 10 min after glucose administration (profile not shown). Glucose tolerance (area under the glucose response curve; glucose AUC) was influenced by prenatal diet and post hoc analyses revealed that it was higher (P,0·05) in offspring from ON dams relative to controls (Table 5) , reflecting a reduced rate of glucose clearance from 45 to 120 min after the glucose bolus in the former group (Fig. 3(a) ). By contrast, insulin sensitivity (area under the insulin response curve; insulin AUC), NEFA AUC, and insulin AUC:glucose AUC (an index of relative insulin secretion) were not influenced by prenatal diet (Table 5 and Fig. 3(b) ). No sex-specific effects were evident. Irrespective of prenatal diet and sex, both birth weight and FGR from birth to 6 months of age were correlated with fasting glucose concentrations in contrasting directions (Fig. 4) . Similar but less strong associations were evident between both birth weight and FGR, and the glucose AUC (r 20·281, P,0·04 and r 0·254, P,0·06, respectively). No such relationships were evident between current weight and adiposity at the time of metabolic challenge and fasting glucose concentrations or glucose AUC (P.0·3, data not shown).
Offspring growth rates and adiposity following postnatal dietary modification. As per the study design, mean birth weight, FGR, live weight and external adiposity at the point of allocation to the postnatal dietary modification groups were equivalent within sex (Table 4) . Furthermore, the three contrasting prenatal maternal dietary intakes were equally represented within the ADLIB v. NORM female offspring groups (four, three and five offspring from C, ON and UN dams, respectively, per group). In the male ADLIB group there was four, five and five offspring, and in the NORM group four, five and six offspring from C, ON and UN dams, respectively. After the application of the contrasting postnatal dietary treatments, weight, adiposity and FGR diverged in both sexes and were statistically different by 10 months of age (i.e. approximately 90 d after the start of dietary modification; data not shown). FGR between 7 and 12 months of age, and weight and adiposity at 12 months of age were higher in the ADLIB than in the NORM group (Table 4 ; P, 0·001). Although males remained heavier than females within both postnatal diet groups, this was not statistically different at 12 months of age.
Offspring glucose handling at 12 months of age. Following a 5-month period of postnatal dietary modification baseline fasting glucose, insulin and NEFA concentrations after an overnight fast were higher in ADLIB compared with NORM groups of both sexes (Table 6 ). Similarly the insulin AUC and NEFA AUC and the insulin:glucose AUC were elevated in ADLIB males and females. Glucose AUC was influenced by both sex and postnatal diet and was greatest in ADLIB-fed females. With the exception of fasting glucose concentrations, prenatal diet had no long-term impact on any of the metabolic parameters measured and thus data are not shown. Table 7 details the former in relation to all main effects evaluated, namely prenatal diet, sex and postnatal diet. Female offspring from prenatally ON dams who were subsequently fed ADLIB had significantly higher fasting glucose concentrations than all other groups except the ADLIB males from C dams.
Correlation coefficients were calculated to check for relationships between offspring size and growth (i.e. birth weight, FGR and weight and adiposity at 12 months of age) and the main metabolic parameters measured before and after glucose challenge (glucose, insulin) according to postnatal dietary treatment group and sex. Current weight and adiposity at 12 months of age were both positively associated with fasting insulin concentrations, and with insulin AUC in NORM males (n 15) and females (n 12), (r 0·706 to 0·817, minimum P value,0·01). A similar relationship between weight and adiposity, and insulin AUC was only evident in ADLIB-fed males (n 14) and females (n 12), (r 0·641 to 0·709, minimum P value, 0·025). By contrast, neither current weight nor adiposity was associated with fasting or AUC glucose concentrations (P. 0·3). A negative relationship between birth weight and both fasting glucose and glucose AUC was evident in ADLIB females only (r 2 0·632, P,0·028 and r 2 0·604, P,0·038, respectively). The former relationship is shown in Fig. 5 for ADLIB compared with NORM female offspring. No such relationship was evident for males in either Table 4 . Weight, adiposity and fractional growth rate of male and female offspring at 6 months of age, and at 12 months of age following a 5-month period of dietary manipulation
(Mean values with their standard errors) Offspring sex. . .
Male Female
Postnatal diet (7 -12 months). . . postnatal diet group (P. 0·3). There was no relationship between FGR from 7 to 12 months of age and glucose responses at 12 months of age in either sex, but FGR during the first 6 months of postnatal life was positively correlated with fasting glucose and glucose AUC at 12 months in ADLIB females (r 0·720, P, 0·008 and r 0·586, P, 0·045).
Discussion
Pregnancy outcome and initial offspring growth
Independent studies have previously shown that pregnancy outcome in young adolescent sheep is sensitive to variations in gestational intake at both ends of the nutritional spectrum. Table 5 .
Glucose, insulin and NEFA concentrations after an overnight fast, and following glucose challenge at 6 months of age in relation to prenatal diet and sex
(Mean values with their standard errors)
Offspring sex. . .
Male Female
Prenatal maternal gestational intake. . . In the present study dams with equivalent weight and adiposity at conception and exposed to both nutritional extremes from the end of the first week of pregnancy have been examined relative to optimally nourished controls in a single highly controlled experiment which confirms that lamb birth weight was C . UN . ON groups. The reduction in birth weight in the ON group was associated with reduced fetal placental mass and is commensurate with prior observations of reduced vascular development, uteroplacental blood flows, nutrient uptakes and total placentome weight in late pregnancy in similar animals (16, 38) . Counterintuitively, ON pregnancies were characterised in the present study by a higher birth weight:placental weight ratio, suggesting relative upregulation of placental nutrient transfer efficiency; however, in spite of this presumed adaptation, the degree of placental growth restriction was such that fetal body growth was still constrained. By contrast, the modest but statistically significant reduction in birth weight achieved in UN adolescents was independent of fetal placental mass, and birth weight: placental weight ratio was equivalent to the optimally nourished controls. This extends previous observations in late gestation (22) and confirms that low maternal nutrient supply is the primary limitation to fetal growth in these pregnancies.
In the present study, pregnancies progressed to term and gestation length was equivalent in C and UN dams and was more than 4 d longer than in the ON group. Premature delivery is a consistent feature of the ON model and gestation length is shortest in the pregnancies with the smallest placentae (39) . While precise mechanisms have not been proven, nutritionally Relationship between mean fasting plasma glucose concentrations at 6 months of age and (a) birth weight (R 2 0·0998; P, 0·021) and (b) fractional growth rate (FGR) from birth to 6 months of age (R 2 0·1451; P, 0·005) for all offspring (n 53) irrespective of prenatal diet and sex. * The main effects of prenatal diet, sex and postnatal diet were analysed by the general linear model (GLM), but with the exception of basal glucose concentrations (see Table 7 ), prenatal diet had no significant impact on any of the metabolic parameters presented and thus data are not shown.
mediated suppression of placental steroid secretion is likely to be involved, as both progesterone and oestrogen concentrations are low in these ON animals during the final third of gestation and are individually correlated with gestation length (14, 40) , whereas progesterone concentrations remain high in UN dams and are similar to those in controls (22) . In the present study gestational intake also influenced nutrient partitioning to the mammary gland, as the quantity of colostrum produced immediately after birth and its total IgG, protein, lactose and energy content were C . UN . ON. The design of the study aimed to maximise neonatal survival by ensuring that all lambs received adequate colostrum and milk throughout the first 72 h of life. Although more lambs in the ON group required colostrum supplementation at birth there was no evidence of impaired lactogenesis persisting in the neonatal period. FGR to 6 months of age were negatively associated with birth weight in both sexes and, although residual effects of prenatal diet and maternal nutrient stores at parturition on lactation performance cannot be dismissed, FGR were highest in the low-birth-weight offspring from ON dams. This rapid catch-up growth, once released from the constraining effect of a poor placental environment, is similar to that observed in other animal models involving placental restriction of fetal growth (29, 41) and in studies of intra-uterine growth-restricted human subjects (25,42 -44) . Intriguingly, relative to controls the low-birth-weight offspring of ON dams had higher total and LDL-cholesterol at birth and during the 11-week suckling period; this may in part reflect the higher body weight-specific perirenal and carcass fat mass previously observed in these small fetuses during late pregnancy (19) . Alternatively, the neonatal lipid profile may in part reflect maternal adiposity and presumed enhanced inflammatory status at parturition in ON dams, as observed in infants of diabetic mothers (45, 46) and in animal models of maternal hypercholesterolaemia (47) . Nonetheless, by 6 months of age the fasting lipid profile was equivalent between groups and fat metabolism (basal and NEFA responses to glucose) was similarly unaffected by prenatal diet. Body composition was not directly measured in the present study, but serial assessment using dual-energy X-ray absorptiometry in similar groups of low-birth-weight offspring from ON dams revealed increased body fat and reduced bone mineral density at weaning following rapid neonatal catch-up growth, and at 2 years of age, but not at intervening time points co-incident with the maximum lean tissue growth phase associated with adolescence and young adulthood (JM Wallace, RP Aitken and CL Adam, unpublished results). By contrast in the present study there was little evidence of catch-up growth in offspring of UN dams, in keeping with the relatively modest degree of prenatal growth restriction achieved and their normal gestation length.
Glucose handling at 6 months of age
The main aim of the present study was to examine glucose metabolism in offspring whose prenatal growth trajectories Mean values with unlike superscript letters were significantly different (P,0·05; Tukey's pairwise comparisons). * Effects: prenatal diet, P, 0·001; sex, NS; postnatal diet, P,0·001; prenatal diet £ sex, P,0·019; prenatal diet £ postnatal diet, P, 0·014; sex £ postnatal diet, P, 0·012; prenatal diet £ sex £ postnatal diet, P,0·005.
had been impaired by contrasting maternal dietary intake levels during pregnancy. Accordingly we have demonstrated early signs of mild glucose intolerance with increased fasting plasma glucose and increased glucose AUC at 6 months of age in offspring whose prenatal placental and fetal growth trajectories were impaired by maternal overfeeding (22 % decrease in birth weight) relative to normally growing controls. This modest increase in fasting glucose is still within the normal range but is of similar magnitude to that observed in a study of young men with a 29 % differential in birth weight relative to the control population (48) and to that observed at 12 months of age in within-litter comparisons of low-v. high-birth-weight piglets (30) . By contrast, the more modest degree of prenatal growth restriction achieved by progressive depletion of maternal nutrient reserves throughout pregnancy in UN dams (10 % decrease in birth weight) did not influence glucose metabolism directly. This latter observation is perhaps surprising in view of previously reported associations between maternal undernutrition before and during pregnancy and glucose tolerance (outlined in the Introduction), all of which were independent of birth weight. Nevertheless in the present study, birth weight was negatively associated with both fasting glucose and glucose AUC across the birth weight range achieved by the three dietary manipulations applied. This relationship in offspring whose genetic background was highly controlled by using assisted conception procedures confirms a previous suggestion that achieved weight at birth as an integrated measure of fetal nutrient supply may be more important than maternal nutritional group assignment in determining subsequent postnatal phenotype (49) . The mild but statistically significant glucose intolerance observed in the low-birth-weight offspring from ON dams was independent of any change in insulin sensitivity or relative secretion since fasting insulin, insulin:glucose, insulin AUC and the initial phase of insulin secretion were equivalent between groups. This argues against a programmed pancreatic b-cell defect as proposed in other ovine studies (10 -12) but suggests that these offspring may have altered hepatic glucose production or tissue glucose uptake.
Glucose handling following postnatal dietary modification
The secondary aim of the present study was to determine whether the relationship between size at birth and glucose intolerance in offspring with ad libitum access to a nutrientdense diet up to 6 months of age could be modulated by a 5-month period of relative nutrient restriction between adolescent and young adult life. Accordingly ADLIB compared with NORM groups of both sexes were compared and, as expected, offspring continuously exposed to the diet ad libitum throughout postnatal life grew faster and were heavier, fatter, and more glucose intolerant and insulin insensitive at 12 months of age. Moreover, although numbers were small, the low-birth-weight female offspring from prenatally ON dams who were fed ad libitum throughout postnatal life had statistically higher fasting glucose concentrations than all but one of the other eleven prenatal diet/postnatal diet/sex group comparisons ( Table 7 ), suggesting that the adverse phenotype persists in a sex-specific manner into early adult life. In addition, the negative relationship between birth weight and glucose intolerance irrespective of prenatal dietary intake group persisted in ADLIB females but was abolished in the NORM females, further suggesting that slowing nutrient intake during the adolescent to young adult period had a beneficial effect on glucose metabolism. Similar relationships were evident between early postnatal FGR and indices of glucose intolerance, suggesting that both intra-uterine and postnatal growth patterns affect glucose production in later life. This is the first observation of a reversal in phenotype in a large animal model but previous studies in rodents have demonstrated proof of concept (33) while other ovine studies indicate that an adverse prenatally programmed phenotype may not become apparent until offspring are exposed to nutritional excess later in adult life (50) . Together, these animal studies suggest that appropriate weight control during key phases of postnatal life in human populations could partly ameliorate the well-established negative effects of poor nutrient supply in utero.
Both the persistence of mild glucose intolerance into early adulthood and its reversal by postnatal dietary modification were specific to females. Sex-specific metabolic programming effects have been widely reported previously but are inconsistent. Thus, while in some ovine studies and postnatal ages the effects predominate in females (11) , others indicate that male offspring are more sensitive to a variety of environmental effects including prenatal exposure to glucocorticoids (51) , methyl-deficient diets (52) , maternal undernutrition (50) and placental limitation of fetal nutrient supply (29) . However, direct comparison across studies, between sexes and with human cohorts, is confounded by the widespread use of castration in animal models, in contrast to the present study where males remained gonad intact.
In summary, maternal gestational intake at both ends of the nutritional spectrum decreased offspring birth weight but by contrasting mechanisms. Offspring from overnourished dams were most perturbed, being premature and of lowest birth weight, and they exhibited rapid catch-up growth and had mildly impaired glucose tolerance at 6 months of age. Irrespective of maternal prenatal diet, offspring birth weight and the associated postnatal growth pattern predicted glucose intolerance at 6 months of age in both sexes. This negative relationship persisted in female offspring continuously exposed to energy excess through to young adulthood but was abolished by modestly restricting food intake. The present study has implications for weight control following prenatal growth restriction in human populations.
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